Background/aims-C-type natriuretic peptide (CNP), the third member of the natriuretic peptide family, is considered to be involved in the regulation of vascular tone. Furthermore, the recent demonstration of CNP in human kidney and urine may indicate a role for CNP in fluid and electrolyte homeostasis. Therefore, the aim of the present study was to investigate the possible role of CNP in renal function disturbances in patients with cirrhosis of the liver. Methods-Peripheral venous and urinary concentrations of CNP were determined in samples from 11 healthy controls, 20 cirrhotic patients with normal renal function (creatinine clearance 117 (8) ml/min), and 20 cirrhotic patients with impaired renal function (creatinine clearance 35 (4) ml/min). In a second protocol, arterial and renal venous plasma concentrations of CNP were determined in 37 patients with cirrhosis of the liver to estimate renal extraction ratios of CNP. A sensitive and specific radioimmunoassay was applied after solid phase extraction of samples. Results-Plasma CNP was lower in cirrhotic patients with normal and impaired renal function than in controls (3.0 (0.4) and 2.7 (0.2) v 4.2 (0.4) pg/ml, respectively; p< 0.05; mean (SEM)). In contrast, urinary CNP was higher in patients with impaired renal function compared with those with normal renal function and healthy controls (47.2 (7.4) v 20.8 (1.9) and 17.0 (3.0) ng CNP/g creatinine, respectively; p<0.05). Urinary CNP was found to be inversely related to urinary sodium excretion in cirrhotic patients (r=−0.56; p<0.01). No diVerences were observed between arterial and renal venous concentrations of CNP in cirrhosis (2.4 (0.2) v 2.4 (0.2) pg/ml). In cirrhotic patients with hepatorenal syndrome or refractory ascites (n=5), urinary CNP decreased from 132 (59) to 38 (7) ng/g creatinine (p<0.05) one week after either ornipressin infusion or insertion of a transjugular intrahepatic portosystemic shunt together with an increase in urinary sodium excretion from 27 (17) to 90 (34) mmol/24 hours. Conclusions-Increased urinary CNP in cirrhotic patients in the absence of renal arteriovenous concentration gradients suggests enhanced renal CNP production in cirrhosis. Furthermore, an inverse relation between urinary CNP and urinary sodium excretion suggests a role for this peptide in renal sodium handling in patients with cirrhosis. (Gut 2000;47:852-857) 
Haemodynamic abnormalities are well described in patients with cirrhosis. 1 Systemic and splanchnic vasodilatation seem to be mediated by an imbalance of vasoconstrictor systems such as renin-aldosterone, the sympathetic nervous system, endothelins, 2 and circulating vasodilators, and lead to renal vasoconstriction as well as sodium and water retention. 3 The role of natriuretic peptides is not fully established but it has been proposed that they may act to antagonise sodium retaining humoral systems. 4 The natriuretic peptide family consists of at least four diVerent peptides with similar amino acid sequences but diVerent sites of synthesis and biological actions. 5 Atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP) are cardiac hormones with marked diuretic and natriuretic properties. 6 Urodilatin shows similar renal eVects but in contrast with ANP and BNP is synthesised exclusively by the kidney, suggesting a paracrine role for this peptide. 7 C-type natriuretic peptide (CNP), initially isolated from central nervous tissues and endothelial cells, 8 has only moderate natriuretic actions compared with the other natriuretic peptides and acts mainly as a vasodilating agent. 9 Transcription of CNP has been demonstrated in other tissues such as the liver, 10 heart, and immune organs, 11 and in diVerent segments of the mammalian kidney. 12 Furthermore, its presence in human urine 13 may indicate a role for CNP in fluid and electrolyte homeostasis.
To date, numerous investigations have addressed the role of ANP in disturbances of volume and sodium homeostasis in patients with cirrhosis of the liver 14 15 and one study has shown increased plasma concentrations of BNP in cirrhosis. 16 Salo et al demonstrated that urinary excretion of urodilatin is normal in patients with cirrhosis with or without ascites and suggested diVerent regulation of ANP and urodilatin secretion. 17 Until now, however, circulating concentrations of CNP in patients with chronic liver disease have not been investigated and there is no information on urinary excretion of CNP in patients with cirrhosis. Therefore, the aim of the present study was to investigate the possible role of CNP in renal function disturbances in patients with cirrhosis of the liver.
Patients and methods

PATIENTS
Twenty cirrhotic patients (16 males, four females) with normal renal function, defined as creatinine clearance greater than 70 ml/min (range 73-223; median 110), 20 cirrhotic patients (15 males, five females) with impaired renal function (creatinine clearance 8-63 ml/min; median 33), and 11 age matched controls (six males, five females; creatinine clearance 70-190 ml/min; median 100) were investigated. Characterisation of haemodynamic parameters, and renal and liver function of these subjects is shown in table 1. Diagnosis of cirrhosis was based on liver biopsy or clinical, biochemical, and exploratory data. Aetiology of cirrhosis was alcohol abuse in 28 patients, viral hepatitis in eight, primary biliary cirrhosis and sclerosing cholangitis in one patient each, and unknown in the remaining two patients. None of the control subjects or patients with cirrhosis had evidence of cardiovascular or renal disease. Controls were not receiving any cardiovascular or diuretic medications. Six of 20 patients with normal renal function and 16 of 20 patients with impaired renal function were receiving diuretic drugs (spironolactone and frusemide), the doses of which were held constant at least five days prior to the investigation.
In a second protocol, arterial and renal venous plasma concentrations of CNP were determined in 37 patients with cirrhosis to estimate renal extraction ratios of CNP. Aetiology of cirrhosis was alcohol abuse in 30 patients and viral hepatitis in seven.
The eVect of therapeutic interventions on urinary CNP was studied in five patients, three with hepatorenal syndrome (HRS) type 1 and two with refractory ascites and functional renal failure. Patients with HRS were not receiving diuretic drugs during the study; in patients with refractory ascites, medication was held constant during the investigation period.
STUDY PROTOCOLS
Protocol I A 24 hour urine collection was performed in controls and patients. Aliquots were drawn at the end of the collection period for determination of CNP, sodium, and creatinine. In the morning, at the end of the collection period, blood pressure and heart rate were monitored with the patient in the supine position for at least one hour. At the same time blood was drawn from an antecubital vein for determination of sodium, creatinine, and liver function tests. Blood samples (10 ml) were transferred into prechilled tubes containing 1 mg of EDTA per ml for determination of CNP and ANP.
Protocol II
Thirty seven cirrhotic patients were studied in the morning after an overnight fast in the supine position. Catheterisation of the renal vein and femoral artery was performed as described previously. 18 Briefly, an indwelling catheter was placed into the femoral artery using the Seldinger technique. The renal vein was catheterised with a 7F Cournand catheter through the femoral vein under fluoroscopic control. Blood samples were drawn simultaneously from the renal vein and femoral artery after discharging the catheter deadspace. Blood samples were immediately transferred into prechilled tubes containing 1 mg of EDTA per ml for determination of CNP.
Protocol III
Changes in urinary CNP and urinary sodium excretion were investigated in five patients with cirrhosis of the liver who underwent therapeutic interventions to improve renal function: three patients with type 1 HRS were investigated before and after one week of ornipressin infusion (6 IU/h) and two patients were studied before and one week after placement of a transjugular intrahepatic portosystemic shunt for refractory ascites. Interventions were performed as described elsewhere in detail. 19 20 The study protocols were approved by the ethics committees of medical research both in Munich and Copenhagen, and all patients gave informed consent.
LABORATORY ANALYSIS
For determination of CNP, a sensitive and specific radioimmunoassay (cross reactivity to human ANP and BNP <1%; Peninsula, Merseyside, UK) was applied after solid phase extraction of samples using SepPak C18 cartridges (Waters, Milford, Massachusetts, USA) preconditioned with 1 ml of acetonitrile 60% in 1% trifluoracetic acid (TFA) and 9 ml of 1% TFA. Samples were acidified with an equal volume of 0.1% TFA and centrifuged for 10 minutes at 6000 g. The supernatant was loaded onto the column which was washed twice with 3 ml of 1% TFA. The peptides were eluted with 3 ml of acetonitrile 60% in 1% TFA and dried in a speed vac concentrator. Extraction recoveries of synthetic CNP added to plasma or urine averaged 85% and 89%, respectively. Variation coeYcients for intraand interassays were 8% and 15%, respectively. The lower detection limit of this assay was 0.5 pg/tube. Serial dilutions of plasma and urine samples paralleled the standard curve of synthetic CNP, thus demonstrating the validity of the assay. ANP was determined after extraction on XAD2 adsorbent resin (Serva, Heidelberg, Germany) as described previously. 20 21 Briefly, plasma samples were loaded onto a column containing approximately 2 g of XAD2 adsorbent resin. Columns were washed twice with 10 ml of distilled water, eluted with 4 ml of acetonitrile 55% and 0.1 M acetic acid 45%, and dried in a speed vac concentrator. Serum and urinary sodium, and creatinine concentrations were measured using an ion selective probe (Boehringer Mannheim/ Hitachi rack 971, Mannheim, Germany) and the JaVe reaction, respectively.
STATISTICAL ANALYSIS
Urinary CNP was calculated as (urinary CNP concentration (pg/ml)×urine volume (ml))/ urinary creatinine (g). Data are presented as mean (SEM)
Results
CIRCULATING CNP CONCENTRATIONS
Plasma CNP was lower in cirrhotic patients with normal (3.0 (0.4) pg/ml; p<0.05) and impaired (2.7 (0.2) pg/ml; p<0.05) renal function than in controls (4.2 (0.4) pg/ml) (fig 1) . There were no significant diVerences in CNP plasma concentrations between patients who did not receive or were receiving diuretic drugs in each group (3.3 (1.8) pg/ml v 3.1 (0.4) pg/ml in patients with normal renal function and 2.7 (0.2) pg/ml v 2.8 (0.3) pg/ml in patients with impaired renal function, respectively). When circulating CNP levels in diVerent patients were compared according to Child-Pugh class, no statistically significant diVerence was detected by ANOVA (2.7 (0.2) v 3.9 (0.7) pg/ml v 2.7 (0.9) pg/ml in Child class A, B and C, respectively). An inverse relationship between circulating CNP and ANP was observed in control subjects (r=−0.80; p=0.005) (fig 2) but not in cirrhotic patients with normal or impaired renal function. Furthermore, there were no correlations between circulating CNP and haemodynamic parameters, liver function tests, or renal function in control subjects. In contrast, in cirrhotic patients with impaired renal function, ANP plasma concentrations were correlated with heart rate (r=0.529; p=0.017) and serum bilirubin (r=0.532; p=0.016), and inversely related to prothrombin index (r=−0.466; p=0.045). 5) . Circulating CNP was not significantly influenced by therapeutic interventions (3.4 (0.8) pg/ml before v 3.0 (0.7) pg/ml one week after intervention).
Figure 1 Circulating plasma concentrations of C-type natriuretic peptide (CNP) in control subjects (n=11) and in cirrhotic patients with normal (n=20) or impaired renal function (n=20). Data are mean (SEM).
Figure 2 Circulating plasma concentrations of C-type natriuretic peptide (CNP) were inversely correlated with circulating atrial natriuretic peptide (ANP) plasma concentrations in healthy controls (r=−0.80; p=0.005; ANP plasma concentration only available in 10 subjects; A). No such relationship was observed in cirrhotic patients with normal or impaired renal function (B).
Discussion
Ours is the first investigation to assess circulating plasma concentrations of CNP and urinary CNP excretion in patients with cirrhosis of the liver. We found that: (1) concentrations of circulating CNP were decreased; (2) urinary excretion of CNP was increased in cirrhotic patients with impaired renal function but not in patients with normal renal function; (3) there was no relationship between ANP plasma concentrations and urinary CNP excretion or CNP plasma concentration; (4) we did not observe a renal arteriovenous concentration gradient for CNP; (5) an inverse relationship between urinary CNP and urinary sodium excretion was observed in cirrhotic patients; and (6) following interventions which improve renal function in patients with functional renal failure, we found a decrease in urinary CNP while plasma CNP concentrations were not aVected. These findings are of interest because CNP diVers considerably from the other natriuretic peptides which have been studied under similar conditions in cirrhotic patients. CNP is the only known endogenous ligand for natriuretic peptide B receptor. 4 In contrast with ANP and BNP, low dose infusion of CNP does not have an appreciable eVect on renal function or systemic haemodynamics in normal humans. 22 23 In rats with experimental cirrhosis and normal sodium excretion, however, pharmacological doses of CNP reduced portal pressure and systemic vascular resistance and increased cardiac output. 24 These animals showed a blunted natriuretic response to CNP infusion compared with normal rats. In contrast, non-selective blockade of natriuretic receptors did not aVect the systemic haemodynamics of rats after carbon tetrachloride induced cirrhosis. 25 In our patients, circulating concentrations of CNP were decreased compared with control subjects. Although this diVerence was statistically significant, one might speculate on the biological impact of such a small diVerence. However, this is the first report of decreased plasma concentrations of a vasodilating substance in cirrhosis of the liver. Moreover, we found an inverse relationship between circulating CNP and ANP in controls but not in cirrhotic patients. This finding suggests regulation of CNP release in cirrhosis which is independent of ANP. A similar situation has been described regarding the natriuretic peptide urodilatin. 17 To date there has been only one study examining urinary CNP excretion in humans. 13 In this previous report, CNP excretion in controls was almost comparable with urinary CNP in our healthy subjects. Interestingly, patients with congestive heart failure who share some pathophysiological characteristics of volume regulation with cirrhotic patients showed a similar increase in urinary CNP excretion as our cirrhotic patients with impaired renal function. To further investigate the origin of increased urinary CNP excretion, simultaneous determinations of CNP plasma concentrations from a systemic artery and renal vein were performed. Almost identical concentrations in these two vessels exclude major renal extraction of circulating CNP of systemic origin. Instead, we suggest that increased renal production of CNP accounts for the observed increased urinary excretion. Indeed, CNP mRNA and immunohistochemical colocalisation have been described in the proximal convoluted tubule, medullary thick limbs, and inner medullary collecting duct. 26 Our data indicate that diVerent sites of CNP synthesis or release may be regulated independently. This contention is supported not only by our observation that urinary CNP was increased in patients with decreased CNP plasma levels but also by the results of protocol III in our study which demonstrated unchanged circulating CNP in patients after transjugular intrahepatic portosystemic shunt or ornipressin infusion, while urinary CNP decreased in these patients.
Figure 3 Urinary excretion of C-type natriuretic peptide (CNP) was significantly increased in cirrhotic patients with impaired renal function (n=20) compared with those with normal renal function (n=20) or healthy controls (n=11). Data are mean (SEM).
One limitation of the present investigation could be that some patients received diuretic drugs while others did not. As diuretic treatment may induce renal impairment due to volume depletion, this could have aVected our results. Therefore, we also analysed our results separately for patients who received and did not receive diuretics in each group and found no significant diVerences. Thus it seems unlikely that diuretic therapy markedly influenced the results of our study.
It may be speculated that increased urinary CNP may not be influenced by renal function but could be a result of continuous decompensation of liver disease with its well known haemodynamic alterations. 3 Indeed, urinary CNP was significantly higher in Child-Pugh class C patients than in class A or B patients. This finding, however, was not surprising as there were no patients with Child-Pugh class C cirrhosis and normal renal function in our study population. However, nine of 20 patients with decreased creatinine clearance had Child class A or B cirrhosis. Comparing their CNP plasma levels with those of the Child class C patients did not show a significant diVerence (3.2 (0.7) v 2.5 (0.4) pg/ml; p=0.21) nor was there a significant diVerence in urinary CNP excretion (40.1 (9.0) v 51.0 (9.6) ng/g creatinine; p=0.40). Furthermore, the results of our protocol III indicate that improved renal function is paralleled by a decline in urinary CNP after therapeutic interventions which do not aVect liver function (ornipressin infusion 19 27 ) or are even considered to cause deterioration in hepatic function (transjugular intrahepatic portosystemic shunt 20 28 ). These findings suggest that urinary CNP excretion is more closely related to renal function itself than to the severity of liver disease.
Our results also support the contention that CNP-paradoxically-acts as an antinatriuretic substance. This has been suggested by Stingo and colleagues 29 who observed a significant decrease in natriuresis with systemic CNP infusion in the anaesthetised dog. Again, these observations are compatible with our results of an inverse relationship between urinary CNP and natriuresis and the finding that urinary 
